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Abstract
In March 2013, thousands of domestic pig carcasses were found floating in the Huangpu River, a 
drinking source water in Shanghai, China. To investigate the impact of the pig carcass incident on 
microbial water quality, 178 river water samples were collected from the upper Huangpu River 
from March 2013 to March 2014. Samples were concentrated by calcium carbonate flocculation 
and examined for host-adapted Cryptosporidium and Enterocytozoon bieneusi by ploymerase 
chain reaction (PCR). Positive PCR products were sequenced to determine Cryptosporidium 
species and E. bieneusi genotypes. A total of 67 (37.6%) and 56 (31.5%) samples were PCR-
positive for Cryptosporidium and E. bieneusi, respectively. The occurrence rates of 
Cryptosporidium and E. bieneusi in March 2013 (83.3%; 41.7%) and May 2013 (73.5%; 44.1%) 
were significantly higher than rates in later sampling times. Among the 13 Cryptosporidium 
species/genotypes identified, C. andersoni and C. suis were the most common species, being found 
in 38 and 27 samples, respectively. Seventeen E. bieneusi genotypes were found, belonging to 11 
established genotypes (EbpC, EbpA, D, CS-8, PtEb IX, Peru 8, Peru 11, PigEBITS4, EbpB, G, O) 
and six new ones (RWSH1 to RWSH6), most of which belonged to pig-adapted Groups 1d and 1e. 
EbpC was the most common genotype, being found in 37 samples. The distribution of 
Cryptosporidium species and E. bieneusi genotypes suggest that dead pigs contributed 
significantly to Cryptosporidium and E. bieneusi contamination in the Huangpu River. Although 
most Cryptosporidium species found in river water were not major human pathogens, the majority 
of E. bieneusi genotypes detected were endemic in China. Data from this study should be useful in 
the development of strategies in addressing future contamination events in drinking water supplies.
*Corresponding Authors: yyfeng@ecust.edu.cn. Tel.: +86 21 6425 0664. Fax: +86 21 6425 0664 (Y.F.). lxiao@cdc.gov. Tel.: 
404-718-4161. Fax: 404-718-4197 (L.X.). 
Notes
The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the Centers for 
Disease Control and Prevention.
The authors declare no competing financial interest.
HHS Public Access
Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
Published in final edited form as:
Environ Sci Technol. 2014 December 16; 48(24): 14219–14227. doi:10.1021/es504464t.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Graphical abstract
INTRODUCTION
Cryptosporidium spp. and Enterocytozoon bieneusi are significant causes of diarrhea and 
enteric diseases (cryptosporidiosis and microsporidiosis) in humans and animals.1,2 The 
environmentally resistant oocysts (from Cryptosporidium spp.) and spores (from E. 
bieneusi) shed in feces have been frequently detected in water,3–5 and epidemiological and 
environmental studies have identified consuming contaminated water as an important risk 
factor for cryptosporidiosis and microsporidiosis in humans.6,7 Currently, complete removal 
and inactivation of Cryptosporidium oocysts and E. bieneusi spores are difficult to achieve 
during conventional water treatment.8,9 Therefore, these enteric pathogens represent a 
significant challenge to public health and drinking water authorities, especially in 
developing countries due to their common occurrence and insufficient removal during 
drinking water treatment.10,11 Like in many industrialized nations, Cryptosporidium is one 
of the two pathogens included in the Standard for Drinking Water Quality in China.12 In 
addition, both Cryptosporidium and microsporidia are category B biodefense agents defined 
by the National Institutes of Health, USA.13
The standard method for the identification of Cryptosporidium oocysts in water is the United 
States Environmental Protect Agency Method 1622 and its equivalents in other countries,14 
which provide a quantitative assessment of Cryptosporidium oocysts in water samples. 
However, this method cannot differentiate species of Cryptosporidium, thus cannot assess 
the public health significance of oocysts in water. Unlike Method 1622, PCR-based 
techniques can differentiate human-infective Cryptosporidium species from those that infect 
only animals. Likewise, phylogenetic analysis of ribosomal internal transcribed spacer (ITS) 
sequences has revealed the existence of host adaptation in E. bieneusi genotypes, with 
parasites from specific hosts forming different groups. These characteristics make it possible 
to assess the sources and human infection potential of pathogens in water using molecular 
diagnostic tools.5,15,16
In March 2013, more than 16 000 pig carcasses that had been dumped in Jiaxing, Zhejiang 
Province reached Shanghai via the upper Huangpu River, which has long been utilized as a 
major drinking source water in Shanghai, China.17 Pigs are commonly infected with 
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Cryptosporidium suis and Cryptosporidium scrofarum, although several other 
Cryptosporidium species/genotypes such as C. felis, C. hominis, C. meleagridis, C. muris, C. 
parvum, C. tyzzeri, C. andersoni, Cryptosporidium sp. Eire w65.5, and Cryptosporidium rat 
genotype I are occasionally present.18–21 Likewise, the majority of E. bieneusi genotypes 
identified in pigs belong to subgroups 1d and 1e in Group 1, which appear to be pig-adapted. 
Nevertheless, both common Cryptosporidium species in pigs, C. suis and C. scrofarum, have 
been found in humans, and some of the E. bieneusi genotypes in pigs, such as EbpA, EbpC, 
EbpD, PigEBITS5, and PigEBITS7, are well-known human pathogens.22–26 Thus, the pig 
carcasses in the Huangpu River can potentially present a major public health problem 
despite the initial assurance to the general public on its minimum human health threat by 
various local authorities.
In this study, we aimed to (i) assess the contribution of the pig carcass incident to the 
contamination of Cryptosporidium and E. bieneusi in the Huangpu River and (ii) evaluate 
the human infection potential of Cryptosporidium and E. bieneusi during the environmental 
contamination.
MATERIALS AND METHODS
Sampling Sites
The Huangpu River has long been utilized as an important water source in Shanghai. It has 
been providing 30% of the drinking water for approximately 20% of Shanghai residents 
since a new reservoir with water from the Yangtze River was put in full use in 2011. The 
water in the Huangpu River comes from a river network (Figure 1). Among different 
upstream tributaries, the two main ones, Yuanxiejing and Maogang, were affected by pig 
carcasses most, and contribute approximately 25% and 15% of input into the Huangpu 
River. These two upstreams originate from Zhejiang Province and flow through agricultural 
areas (livestock and poultry farms) and suburbs of Shanghai. Eleven sampling sites were 
selected along the upper Huangpu River in this study, all affected by the pig carcass disposal 
incident. Eight of the sites were along the two tributaries (Sites 1–8), whereas three 
remaining sites were located along the main stream of the Huangpu River (Sites 9–11; 
Figure 1). Among the latter, Site 10 was near the water intake for one of the drinking water 
treatment plants in Shanghai, whereas Site 11 was downstream of the pig carcass disposal 
incident and within the Shanghai city proper. Carcass salvage, widely reported in news 
media, occurred mostly at Sites 4 and 8.
Sample Collection and Processing
A total of 178 river water samples were collected from the 11 sites at five time points 
(March, May, and October of 2013 and January and March of 2014). At each time, 36 water 
samples were collected, except for May 2013 when 34 samples were collected. Clean plastic 
containers (10 L) were used for collection of water approximately 20 cm below the surface 
near the edge of the river. Pathogens in the 10 L water samples were concentrated by 
calcium carbonate flocculation as previously described.27 The concentrates were stored at 
−80 °C prior to DNA extraction.
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DNA Extraction and Molecular Analysis
Genomic DNA was extracted from 0.5 mL of sample concentrates using the FastDNA SPIN 
Kit for Soil (MP Biomedicals, Santa Ana, CA) and eluted in 100 μL of reagent-grade water 
as described previously.28 DNA was stored at −20 °C until being analyzed by nested PCR 
(see below) five times for each genetic target, using 2 μL of the extraction DNA in PCR. The 
secondary PCR products were examined by 1.5% agarose gel electrophoresis. Positive PCR 
products were sequenced on an ABI 3130 sequencer (Applied Biosystems, Foster City, CA).
Cryptosporidium Detection and Genotyping
An approximately 587 bp fragment of the small-subunit (SSU) rRNA gene was amplified by 
nested PCR as previously described.29 Cryptosporidium species present were differentiated 
by DNA sequence analysis. Cryptosporidium parvum and C. hominis in these samples were 
further subtyped by PCR and sequence analysis of an ~400 bp fragment of the 60 kDa 
glycoprotein (gp60).30 A new PCR with better amplification efficiency for C. meleagridis 
was used in subtyping C. meleagridis, which amplified an ~955 bp fragment of the gp60 
gene.31 The established subtype nomenclature was used to classify gp60 subtypes.
Detection and Genotyping of E. bieneusi
To detect E. bieneusi, an ~392 bp fragment of the ITS was amplified by nested PCR as 
previously described.32 Genotypes of E. bieneusi were determined by sequence analysis of 
the secondary PCR products and named according to the established nomenclature.33 To 
assess the host source of the genotypes found, a neighbor-joining analysis of ITS sequences 
obtained was conducted using genetic distances calculated by the Kimura 2-parameter 
model implemented in Mega 6.0 (http://www.megasoftware.net/).
Statistical Analysis
Data were analyzed using SPSS 19.0 for Windows (SPSS Inc., Chicago, USA). The χ2 test 
was used to compare the difference in pathogen occurrence among different sampling dates 
and sites. Differences were considered significant when p < 0.05.
Nucleotide Sequence Accession Numbers
Unique nucleotide sequences generated from this study were deposited in the GenBank 
under accession numbers KM496311–KM496316.
RESULTS
Occurrence of Cryptosporidium spp. and E. bieneusi in Raw Water
Of the 178 river water samples analyzed, 67 (37.6%) and 56 (31.5%) were PCR-positive for 
Cryptosporidium and E. bieneusi, respectively (Table 1). For Cryptosporidium, occurrence 
rates in March 2013 (30/36; 83.3%) and May 2013 (25/34; 73.5%) were significant higher (p 
< 0.05) than those in October 2013 (2/36; 5.5%), January 2014 (5/36; 13.9%) and March 
2014 (5/36; 13.9%). The same trend was also observed in the occurrence of E. bieneusi; 
15/36 (41.7%), 15/34 (44.1%), 6/36 (16.7%), 9/36 (25.0%) and 11/36 (30.5%) samples were 
positive in March 2013, May 2013, October 2013, January 2014, and March 2014, 
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respectively. The difference in E. bieneusi occurrence among five sampling time points, 
however, was insignificant (p > 0.05).
By site, nine of the 11 sites (except for Sites 2 and 9) were positive for Cryptosporidium in 
March 2013, all with occurrence rates >66.6%. In May 2013, ten of the 11 sites (except for 
Site 11) were positive, mostly with occurrence rates >66.6%. At other sampling time, only 
2–4 sites were positive for Cryptosporidium, with much lower occurrence rates (Figure 2). 
For E. bieneusi, nine of the 11 sites (except for Sites 2 and 9) were positive in March 2013, 
whereas eight of the 11 sites (except for Sites 3, 9 and 10) were positive in May 2013. In 
contrast, only 2–6 sites were positive for E. bieneusi at other sampling time points (Figure 
2). Overall, sites with higher Cryptosporidium occurrence also had higher E. bieneusi 
occurrence (25/72 or 34.7% versus 27/72 or 37.5% at four sites along the Yuanxiejing River; 
28/62 or 45.2% versus 27/62 or 43.5% at four sites along the Maogang River; 3/44 or 6.8% 
versus 13/44 or 29.5% at three sites along the mainstream of the Huangpu River).
Cryptosporidium Species and Subtypes
Altogether, 13 Cryptosporidium species/genotypes were found in river water samples, 
including C. andersoni, C. suis, C. baileyi, C. scrofarum, C. meleagridis, C. parvum, C. 
hominis, C. ryanae, C. fragile, C. cuniculus, rat genotype IV, avian genotype II, and avian 
genotype III. The most common species were C. andersoni and C. suis, being found in 38 
and 27 water samples, respectively. Cryptosporidium baileyi, C. scrofarum, C. meleagridis, 
C. parvum, and C. hominis were found in 16, 8, 4, 3, and 2 water samples, respectively. The 
remaining Cryptosporidium species or genotypes each occurred in only a single water 
sample. By site, C. andersoni and C. suis were also the most common species, being found 
at all sites (Table 2). The frequent detection of the two species occurred mostly during and 
shortly after the pig carcass incident (Table 1). Afterward, they were only occasionally 
detected in water samples taken at the 11 sites.
Further subtyping of positive samples of C. hominis, C. parvum, C. cuniculus, and C. 
meleagridis at the gp60 locus identified IaA18R4 subtype of C. hominis (1), IIdA19G1 of C. 
parvum (1), VbA20 of C. cuniculus (1), and IIIbA24G1 of C. meleagridis (1). All the 
subtypes were found only during the pig carcass incident (March 2013).
Enterocytozoon bieneusi Genotypes
A total of 17 E. bieneusi ITS genotypes were identified in this study, including 11 known 
ones (EbpC, EbpA, D, CS-8, PtEb IX, Peru 8, Peru 11, PigEBITS4, EbpB, G, and O) and six 
new ones (RWSH1 to RWSH6). EbpC was the most common genotype, being found in 37 
samples. Genotypes EbpA, D, CS-8 and PtEb IX were found in 7, 7, 6, and 4 samples, 
respectively. The remaining genotypes, Peru 8, Peru 11, PigEBITS4, EbpB, G, and O, and 
six new genotypes were each observed in only one sample (Table 1). By site, EbpC was also 
the most common genotype (Table 2), being found at all sites except for one (Site 9 in the 
mainstream). The frequency of EbpC detection, however, was much lower in samples taken 
after the pig carcass incident (16/108 or 14.8%) that those taken during or shortly after the 
incident (21/70 or 30.0%; p < 0.05; Table 1).
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Phylogenetic Relationship among E. bieneusi Genotypes
Neighbor-joining analysis of the ITS sequences revealed that most of the E. bieneusi 
genotypes found in this study belonged to zoonotic Group 1, except for the PtEb IX, which 
was divergent from all other E. bieneusi genotype groups and was used as an outgroup to 
root the neighbor-joining tree (Figure 3). Within Group 1, pigEBITS4, G, O and CS-8 and 
RWSH2 formed subgroup 1d together with EbpC, and the new genotypes (RWSH1, 
RWSH3, RWSH4, RWSH5, and RWSH6) formed subgroup 1e together with EbpA, EbpB, 
and EbpD. The remaining known genotypes, including D, Peru 8, and Peru 11, belonged to 
subgroup 1a (Figure 3).
DISCUSSION
In this study we examined the contamination of the upper Huangpu River by 
Cryptosporidium and E. bieneusi after the pig carcass disposal incident. We found that 
37.6% of the 178 river water samples were positive for Cryptosporidium and 31.5% were 
positive for E. bieneusi over a 1 year study period. Although the overall occurrence of 
Cryptosporidium in this study is similar to the one (28%) in a previous study of the Huangpu 
River water in Shanghai,34 occurrence rates of Cryptosporidium varied significantly among 
the five sampling time points (p < 0.05), with the highest rate (83.3%) being observed in 
March 2013. Likewise, the occurrence of E. bieneusi was also the highest during the pig 
carcass incident (March 2013, 41.7%) and shortly after (May 2013, 44.1%). These rates 
were significantly higher than occurrence rates of Cryptosporidium spp. and E. bieneusi in 
river water in most other areas.3–5,35,36 The frequent detection of both parasites concurred 
with the pig carcasses incident which took place during March 2013. Carcasses of thousands 
of pigs were discarded upstream in Jiaxing (60 miles southwest of Shanghai) and were 
found floating in the Huangpu River, probably because the relaxed control of the disposal of 
dead pigs. The cleanup operation was complete at the end of the month. Cryptosporidium 
and E. bieneusi from the dead pigs might have led to the high occurrence of both parasites in 
the Huangpu River during the event, despite the assurance of minimum impacts on water 
quality by the local water utility (http://www.popsci.com/science/article/2013-03/can-you-
really-still-drink-water-shanghai). Cryptosporidium and E. bieneusi occurrence was still 
maintained at a relatively high level two months after the pig carcass scandal (73.5% and 
44.1% in May 2013, respectively). The pathogen occurrence decreased significantly 
subsequently to rates more compatible to rivers in other areas,3–5,35,36 as stricter policy on 
pig carcass disposal was implemented by Jiaxing and other local authorities upstream of the 
Huangpu River.
Molecular identification demonstrates that the majority of the Cryptosporidium found in 
river water samples appear to be derived from farm animals, especially pigs and cattle. In 
this study, C. andersoni was one of the dominant species, as demonstrated previously in a 
study conducted in the same area.34 Similar to this study, a predominance of C. andersoni 
was also found in the Three Gorges Reservoir in China,37 and in other studies in 
industrialized nations.38–42 Cryptosporidium andersoni is the most common 
Cryptosporidium sp. in adult cattle in China.43 Several other common bovine 
Cryptosporidium spp. were absent or detected only occasionally in this study, such as C. 
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parvum in calves less than 4 weeks of age, and C. ryanae and C. bovis in older calves. Thus, 
the data from this study confirm that adult cattle are important contamination sources for 
Cryptosporidium sp.
The second most commonly detected Cryptosporidium species in the study area, especially 
during the pig carcass incident, was C. suis, which is a dominant species in pigs. The high 
level of detection suggested that pigs were an important contamination source in the study 
area. This is supported by the common occurrence of another porcine Cryptosporidium 
species, C. scrofarum, in eight river samples. It is known that C. suis shedding continues for 
a longer duration than C. scrofarum shedding, and older pigs frequently have mixed 
infection of both parasites.18,44,45 Although both porcine species were identified in a small 
number of river water samples in southern-eastern China,46 the high occurrence of them in 
this study indicated that the floating pig carcasses likely contributed significantly to 
Cryptosporidium contamination in March and May 2013. Previously, it was shown that both 
C. suis and C. scrofarum were prevalent in pigs from the Yangtze River Delta, China, 
including the region in this study.47–49 The continued presence of C. andersoni, C. suis, and 
Cryptosporidium species from birds (C. baileyi, C. meleagridis, and avian genotype III) after 
the pig carcass incident suggests that cattle, pig and poultry farms are major contributors to 
background Cryptosporidium contamination in the Huangpu River, despite the fact that the 
drainage basin is heavily populated by humans.
Results of E. bieneusi genotyping support the role of the pig carcass incident in pathogen 
contamination in the Huangpu River. Most of the known and all novel E. bieneusi genotypes 
in the Huangpu River belong to genotype Groups 1d and 1e, except for genotypes D, Peru 8, 
and Peru 11, which belong to Group 1a, and PtEb IX, which belongs to the outlier of 
common E. bieneusi genotype groups (Figure 3). The latter were only found in 7, 1, 1, and 4 
samples, respectively. Groups 1d and 1e genotypes are known to preferentially infect pigs.
26,50–53
 The most common genotype in this study, EbpC, is the most prevalent genotype 
identified in pigs in China,26,54 and has also been widely reported in domestic pigs in Japan, 
Germany, Czech Republic, and Switzerland.51,55 Surprisingly, Group 2 E. bieneusi 
genotypes, which are almost exclusively found in ruminants, are absent in the Huangpu 
River water samples. This is possibly because Group 2 genotypes are shed at low intensity, 
thus are not often detected in surface water, as reported recently in a study of microsporidia 
in surface water in Spain.36
Despite the assurance of minimum public health impact of the floating pig carcasses by the 
local authorities in the general news media, most of the pig-derived E. bieneusi genotypes 
are known human pathogens in China. For example, the dominant E. bieneusi genotype in 
water samples during the pig carcass incident, EbpC, is also the dominant E. bieneusi 
genotype in HIV-positive and HIV-negative adults in rural areas in Henan54 and has been 
found in children56,57 and several nonhuman primate species in China.58,59 Several other E. 
bieneusi genotypes found in water samples in this study, such as D, EbpA, EbpD, Peru 8, 
and Peru 11, have also been found in humans in China.54,56 Although these E. bieneusi 
genotypes can infect humans, the low prevalence of C. hominis in river water samples in this 
study indicated that humans were not a major source for E. bieneusi contamination during 
the pig carcass incident.
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In contrast, the common finding of C. suis and C. scrofarum in the Huangpu River water 
samples during the pig carcass incident might only represent a modest public health threat. 
Although both Cryptosporidium species are known human pathogens, they have been found 
in only a few human cases.54,60–62 This is also the case with the bovine-originated C. 
andersoni, which has also been found in only a few human cases.61,63–65 In a recent study, 
C. andersoni was identified as the dominant Cryptosporidium species in diarrheic patients in 
Shanghai,66 but the validity of this observation has been questioned.67 Some other less 
common Cryptosporidium species in water samples in this study, such as C. hominis, C. 
parvum, and C. meleagridis, are more significant human-pathogenic Cryptosporidium spp.1
In conclusion, an increased occurrence of Cryptosporidium and E. bieneusi has been 
detected in the Huangpu River after the pig carcass incident, and results of Cryptosporidium 
and E. bieneusi genotyping support the dominant porcine-origin of both pathogens. As the 
dominant E. bieneusi genotype detected is a common human pathogen in China, the public 
health significance of the floating pig carcasses probably has been underestimated. Thus, 
further studies are needed to assess the occurrence of other human pathogens after the 
incident, allowing a full evaluation of its public health and environmental impacts. Only 
clear regulations and strict control of disposal of dead animals can prevent future 
occurrences of environmental contamination affecting human health.
Acknowledgments
This work was supported by National Natural Science Foundation of China (31110103901 and 31229005) and 
National Special Fund for State Key Laboratory of Bioreactor Engineering (No. 2060204), China.
References
1. Xiao L. Molecular epidemiology of cryptosporidiosis: an update. Exp Parasitol. 2010; 124(1):80–9. 
[PubMed: 19358845] 
2. Matos O, Lobo ML, Xiao L. Epidemiology of Enterocytozoon bieneusi infection in humans. J 
Parasitol Res. 2012; 2012:981424. [PubMed: 23091702] 
3. Coupe S, Delabre K, Pouillot R, Houdart S, Santillana-Hayat M, Derouin F. Detection of 
Cryptosporidium, Giardia and Enterocytozoon bieneusi in surface water, including recreational 
areas: a one-year prospective study. FEMS Immunol Med Microbiol. 2006; 47(3):351–9. [PubMed: 
16872371] 
4. Izquierdo F, Castro Hermida JA, Fenoy S, Mezo M, Gonzalez-Warleta M, del Aguila C. Detection 
of microsporidia in drinking water, wastewater and recreational rivers. Water Res. 2011; 45(16):
4837–43. [PubMed: 21774958] 
5. Jellison KL, Lynch AE, Ziemann JM. Source tracking identifies deer and geese as vectors of human-
infectious Cryptosporidium genotypes in an urban/suburban watershed. Environ Sci Technol. 2009; 
43(12):4267–4272. [PubMed: 19603633] 
6. Didier ES, Stovall ME, Green LC, Brindley PJ, Sestak K, Didier PJ. Epidemiology of 
microsporidiosis: sources and modes of transmission. Vet Parasitol. 2004; 126(1–2):145–66. 
[PubMed: 15567583] 
7. Wumba R, Longo-Mbenza B, Menotti J, Mandina M, Kintoki F, Situakibanza NH, Kakicha MK, 
Zanga J, Mbanzulu-Makola K, Nseka T, Mukendi JP, Kendjo E, Sala J, Thellier M. Epidemiology, 
clinical, immune, and molecular profiles of micro-sporidiosis and cryptosporidiosis among HIV/
AIDS patients. Int J General Med. 2012; 5:603–11.
8. Betancourt WQ, Rose JB. Drinking water treatment processes for removal of Cryptosporidium and. 
Giardia Vet Parasitol. 2004; 126(1–2):219–34. [PubMed: 15567586] 
Hu et al. Page 8
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
9. Hijnen WA, Dullemont YJ, Schijven JF, Hanzens-Brouwer AJ, Rosielle M, Medema G. Removal 
and fate of Cryptosporidium parvum, Clostridium perfringens and small-sized centric diatoms 
(Stephanodiscus hantzschii) in slow sand filters. Water Res. 2007; 41(10):2151–62. [PubMed: 
17400275] 
10. Baldursson S, Karanis P. Waterborne transmission of protozoan parasites: review of worldwide 
outbreaks—an update 2004–2010. Water Res. 2011; 45(20):6603–14. [PubMed: 22048017] 
11. Stentiford GD, Feist SW, Stone DM, Bateman KS, Dunn AM. Microsporidia: diverse, dynamic, 
and emergent pathogens in aquatic systems. Trends Parasitol. 2013; 29(11):567–78. [PubMed: 
24091244] 
12. GB/T5749-2006. Standards for Drinking Water Quality. Standards Press of China; Beijing, China: 
2007. in Chinese
13. Nwachcuku N, Gerba CP. Emerging waterborne pathogens: can we kill them all? Curr Opin 
Biotechnol. 2004; 15(3):175–80. [PubMed: 15193323] 
14. USEPA. Method 1622: Cryptosporidium in Water by Filtration/IMS/FA. Office of Water, U.S. 
Environmental Protection Agency; Washington, DC: 2005. http://www.epa.gov/microbes/
documents/1622de05.pdf
15. Ruecker NJ, Braithwaite SL, Topp E, Edge T, Lapen DR, Wilkes G, Robertson W, Medeiros D, 
Sensen CW, Neumann NF. Tracking host sources of Cryptosporidium spp. in raw water for 
improved health risk assessment. Appl Environ Microbiol. 2007; 73(12):3945–57. [PubMed: 
17483276] 
16. Prystajecky N, Huck PM, Schreier H, Isaac-Renton JL. Assessment of Giardia and 
Cryptosporidium spp. as a microbial source tracking tool for surface water: application in a mixed-
use watershed. Appl Environ Microbiol. 2014; 80(8):2328–36. [PubMed: 24463970] 
17. Liu C-Y, Hua J. Dead pigs scandal questions China’s public health policy. Lancet. 2013; 
381(9877):1539.
18. Nemejc K, Sak B, Kvetonova D, Kernerova N, Rost M, Cama VA, Kvac M. Occurrence of 
Cryptosporidium suis and Cryptosporidium scrofarum on commercial swine farms in the Czech 
Republic and its associations with age and husbandry practices. Parasitol Res. 2013; 112(3):1143–
54. [PubMed: 23271566] 
19. Zintl A, Neville D, Maguire D, Fanning S, Mulcahy G, Smith HV, De Waal T. Prevalence of 
Cryptosporidium species in intensively farmed pigs in Ireland. Parasitology. 2007; 134(Pt 11):
1575–82. [PubMed: 17565758] 
20. Xiao L, Moore JE, Ukoh U, Gatei W, Lowery CJ, Murphy TM, Dooley JS, Millar BC, Rooney PJ, 
Rao JR. Prevalence and identity of Cryptosporidium spp. in pig slurry. Appl Environ Microbiol. 
2006; 72(6):4461–3. [PubMed: 16751569] 
21. Ryan UM, Monis P, Enemark HL, Sulaiman I, Samarasinghe B, Read C, Buddle R, Robertson I, 
Zhou L, Thompson RC, Xiao L. Cryptosporidium suis n. sp. (Apicomplexa: Cryptosporidiidae) in 
pigs (Sus scrofa). J Parasitol. 2004; 90(4):769–73. [PubMed: 15357067] 
22. Sak B, Kvac M, Hanzlikova D, Cama V. First report of Enterocytozoon bieneusi infection on a pig 
farm in the Czech Republic. Vet Parasitol. 2008; 153(3–4):220–4. [PubMed: 18342450] 
23. Maikai BV, Umoh JU, Lawal IA, Kudi AC, Ejembi CL, Xiao L. Molecular characterizations of 
Cryptosporidium, Giardia, and Enterocytozoon in humans in Kaduna State, Nigeria. Exp Parasitol. 
2012; 131(4):452–6. [PubMed: 22664352] 
24. Widmer G, Dilo J, Tumwine JK, Tzipori S, Akiyoshi DE. Frequent occurrence of mixed 
Enterocytozoon bieneusi infections in humans. Appl Environ Microbiol. 2013; 79(17):5357–62. 
[PubMed: 23811516] 
25. Li W, Li Y, Li W, Yang J, Song M, Diao R, Jia H, Lu Y, Zheng J, Zhang X, Xiao L. Genotypes of 
Enterocytozoon bieneusi in livestock in China: High prevalence and zoonotic potential. PLoS One. 
2014; 9(5):e97623. [PubMed: 24845247] 
26. Li W, Diao R, Yang J, Xiao L, Lu Y, Li Y, Song M. High diversity of human-pathogenic 
Enterocytozoon bieneusi genotypes in swine in northeast China. Parasitol Res. 2014; 113(3):1147–
53. [PubMed: 24442159] 
27. Vesey G, Slade JS, Byrne M, Shepherd K, Fricker CR. A new method for the concentration of 
Cryptosporidiurn oocysts from water. J Appl Bacteriol. 1993; 75:82–86. [PubMed: 8365958] 
Hu et al. Page 9
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
28. Jiang J, Alderisio KA, Singh A, Xiao L. Development of procedures for direct extraction of 
Cryptosporidium DNA from water concentrates and for relief of PCR inhibitors. Appl Environ 
Microbiol. 2005; 71(3):1135–41. [PubMed: 15746310] 
29. Ryan U, Xiao L, Read C, Zhou L, Lal AA, Pavlasek I. Identification of novel Cryptosporidium 
genotypes from the Czech Republic. Appl Environ Microbiol. 2003; 69(7):4302–4307. [PubMed: 
12839819] 
30. Sulaiman IM, Hira PR, Zhou L, Al-Ali FM, Al-Shelahi FA, Shweiki HM, Iqbal J, Khalid N, Xiao 
L. Unique endemicity of cryptosporidiosis in children in Kuwait. J Clin Microbiol. 2005; 43(6):
2805–9. [PubMed: 15956401] 
31. Stensvold CR, Beser J, Axen C, Lebbad M. High applicability of a novel method for gp60-based 
subtyping of Cryptosporidium meleagridis. J Clin Microbiol. 2014; 52(7):2311–9. [PubMed: 
24740082] 
32. Sulaiman IM, Fayer R, Lal AA, Trout JM, Schaefer FW, Xiao L. Molecular characterization of 
microsporidia indicates that wild mammals harbor host-adapted Enterocytozoon spp. as well as 
human-pathogenic Enterocytozoon bieneusi. Appl Environ Microbiol. 2003; 69(8):4495–4501. 
[PubMed: 12902234] 
33. Santin M, Fayer R. Enterocytozoon bieneusi genotype nomenclature based on the internal 
transcribed spacer sequence: a consensus. J Eukaryot Microbiol. 2009; 56(1):34–8. [PubMed: 
19335772] 
34. Feng Y, Zhao X, Chen J, Jin W, Zhou X, Li N, Wang L, Xiao L. Occurrence, source, and human 
infection potential of Cryptosporidium and Giardia spp. in source and tap water in Shanghai, 
China. Appl Environ Microbiol. 2011; 77(11):3609–16. [PubMed: 21498768] 
35. Fournier S, Liguory O, Santillana-Hayat M, Guillot E, Sarfati C, Dumoutier N, Molina JM, 
Derouin F. Detection of microsporidia in surface water: a one-year follow-up study. FEMS 
Immunol Med Microbiol. 2000; 29(2):95–100. [PubMed: 11024347] 
36. Galvan AL, Magnet A, Izquierdo F, Fenoy S, Rueda C, Fernandez Vadillo C, Henriques-Gil N, del 
Aguila C. Molecular characterization of human-pathogenic microsporidia and Cyclospora 
cayetanensis isolated from various water sources in Spain: a year-long longitudinal study. Appl 
Environ Microbiol. 2012; 79(2):449–59. [PubMed: 23124243] 
37. Xiao G, Qiu Z, Qi J, Chen JA, Liu F, Liu W, Luo J, Shu W. Occurrence and potential health risk of 
Cryptosporidium and Giardia in the Three Gorges Reservoir, China. Water Res. 2013; 47(7):2431–
45. [PubMed: 23478072] 
38. Xiao L, Singh A, Limor J, Graczyk TK, Gradus S, Lal A. Molecular characterization of 
Cryptosporidium oocysts in samples of raw surface water and wastewater. Appl Environ 
Microbiol. 2001; 67(3):1097–101. [PubMed: 11229897] 
39. Castro-Hermida JA, Garcia-Presedo I, Almeida A, Gonzalez-Warleta M, Correia Da Costa JM, 
Mezo M. Presence of Cryptosporidium spp. and Giardia duodenalis through drinking water. Sci 
Total Environ. 2008; 405(1–3):45–53. [PubMed: 18684490] 
40. Ruecker NJ, Matsune JC, Wilkes G, Lapen DR, Topp E, Edge TA, Sensen CW, Xiao L, Neumann 
NF. Molecular and phylogenetic approaches for assessing sources of Cryptosporidium 
contamination in water. Water Res. 2012; 46(16):5135–50. [PubMed: 22841595] 
41. Yang W, Chen P, Villegas EN, Landy RB, Kanetsky C, Cama V, Dearen T, Schultz CL, Orndorff 
KG, Prelewicz GJ, Brown MH, Young KR, Xiao L. Cryptosporidium source tracking in the 
Potomac River watershed. Appl Environ Microbiol. 2008; 74(21):6495–504. [PubMed: 18776033] 
42. Nichols RA, Connelly L, Sullivan CB, Smith HV. Identification of Cryptosporidium species and 
genotypes in Scottish raw and drinking waters during a one-year monitoring period. Appl Environ 
Microbiol. 2010; 76(17):5977–86. [PubMed: 20639357] 
43. Wang R, Ma G, Zhao J, Lu Q, Wang H, Zhang L, Jian F, Ning C, Xiao L. Cryptosporidium 
andersoni is the predominant species in post-weaned and adult dairy cattle in China. Parasitol Int. 
2011; 60(1):1–4. [PubMed: 20884374] 
44. Zhang W, Wang R, Yang F, Zhang L, Cao J, Zhang X, Ling H, Liu A, Shen Y. Distribution and 
genetic characterizations of Cryptosporidium spp. in pre-weaned dairy calves in Northeastern 
China’s Heilongjiang Province. PLoS One. 2013; 8(1):e54857. [PubMed: 23372782] 
Hu et al. Page 10
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
45. Jeníková M, Němejc K, Sak B, Květoňová D, Kváč M. New view on the age-specificity of pig 
Cryptosporidium by species-specific primers for distinguishing Cryptosporidium suis and 
Cryptosporidium pig genotype II. Vet Parasitol. 2011; 176(2–3):120–125. [PubMed: 21131129] 
46. Xiao S, An W, Chen Z, Zhang D, Yu J, Yang M. Occurrences and genotypes of Cryptosporidium 
oocysts in river network of southern-eastern China. Parasitol Res. 2012; 110(5):1701–9. [PubMed: 
22006191] 
47. Yin JH, Shen YJ, Yuan ZY, Lu WY, Xu YX, Cao JP. Prevalence of the Cryptosporidium Pig 
genotype II in pigs from the Yangtze River Delta, China. PLoS One. 2011; 6(6):e20738. [PubMed: 
21677776] 
48. Chen Z, Mi R, Yu H, Shi Y, Huang Y, Chen Y, Zhou P, Cai Y, Lin J. Prevalence of 
Cryptosporidium spp. in pigs in Shanghai, China. Vet Parasitol. 2011; 181(2–4):113–9. [PubMed: 
21616599] 
49. Yin JH, Yuan ZY, Cai HX, Shen YJ, Jiang YY, Zhang J, Wang YJ, Cao JP. Age-related infection 
with Cryptosporidium species and genotype in Pigs in China. Biomed Environ Sci. 2013; 26(6):
492–5. [PubMed: 23816583] 
50. Breitenmoser AC, Mathis A, Burgi E, Weber R, Deplazes P. High prevalence of Enterocytozoon 
bieneusi in swine with four genotypes that differ from those identified in humans. Parasitology. 
1999; 118:447–453. [PubMed: 10363277] 
51. Abe N, Kimata I. Molecular survey of Enterocytozoon bieneusi in a Japanese porcine population. 
Vector Borne Zoonotic Dis. 2010; 10(4):425–7. [PubMed: 19725762] 
52. Jeong DK, Won GY, Park BK, Hur J, You JY, Kang SJ, Oh IG, Lee YS, Stein BD, Lee JH. 
Occurrence and genotypic characteristics of Enterocytozoon bieneusi in pigs with diarrhea. 
Parasitol Res. 2007; 102(1):123–8. [PubMed: 17874327] 
53. Buckholt MA, Lee JH, Tzipori S. Prevalence of Enterocytozoon bieneusi in swine: an 18-Month 
survey at a slaughterhouse in Massachusetts. Appl Environ Microbiol. 2002; 68(5):2595–2599. 
[PubMed: 11976142] 
54. Wang L, Zhang H, Zhao X, Zhang L, Zhang G, Guo M, Liu L, Feng Y, Xiao L. Zoonotic 
Cryptosporidium species and Enterocytozoon bieneusi genotypes in HIV-positive patients on 
antiretroviral therapy. J Clin Microbiol. 2013; 51(2):557–63. [PubMed: 23224097] 
55. Nemejc K, Sak B, Kvetonova D, Hanzal V, Janiszewski P, Forejtek P, Rajsky D, Kotkova M, 
Ravaszova P, McEvoy J, Kvac M. Prevalence and diversity of Encephalitozoon spp. and 
Enterocytozoon bieneusi in wild boars (Sus scrofa) in Central Europe. Parasitol Res. 2014; 113(2):
761–7. [PubMed: 24292543] 
56. Wang L, Xiao L, Duan L, Ye J, Guo Y, Guo M, Liu L, Feng Y. Concurrent infections of Giardia 
duodenalis, Enterocytozoon bieneusi, and Clostridium difficile in children during a 
cryptosporidiosis outbreak in a pediatric hospital in China. PLoS NTD. 2013; 7(9):e2437.
57. Yang J, Song M, Wan Q, Li Y, Lu Y, Jiang Y, Tao W, Li W. Enterocytozoon bieneusi genotypes in 
children in Northeast China and assessment of the risk of zoonotic transmission. J Clin Microbiol. 
2014; 52:4362–4367.
58. Ye J, Xiao L, Ma J, Guo M, Liu L, Feng Y. Anthroponotic enteric parasites in monkeys in public 
park, China. Emerg Infect Dis. 2012; 18(10):1640–3. [PubMed: 23017776] 
59. Karim MR, Wang R, Dong H, Zhang L, Li J, Zhang S, Rume FI, Qi M, Jian F, Sun M, Yang G, 
Zou F, Ning C, Xiao L. Genetic polymorphism and zoonotic potential of Enterocytozoon bieneusi 
from nonhuman primates in China. Appl Environ Microbiol. 2014; 80(6):1893–8. [PubMed: 
24413605] 
60. Xiao L, Bern C, Arrowood M, Sulaiman I, Zhou L, Kawai V, Vivar A, Lal AA, Gilman RH. 
Identification of the Cryptosporidium pig genotype in a human patient. J Infect Dis. 2002; 
185(12):1846–8. [PubMed: 12085341] 
61. Leoni F, Amar C, Nichols G, Pedraza-Diaz S, McLauchlin J. Genetic analysis of Cryptosporidium 
from 2414 humans with diarrhoea in England between 1985 and 2000. J Med Microbiol. 2006; 
55(Pt 6):703–7. [PubMed: 16687587] 
62. Kvac M, Kvetonova D, Sak B, Ditrich O. Cryptosporidium pig genotype II in immunocompetent 
man. Emerg Infect Dis. 2009; 15(6):982–983. [PubMed: 19523313] 
Hu et al. Page 11
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
63. Morse TD, Nichols RA, Grimason AM, Campbell BM, Tembo KC, Smith HV. Incidence of 
cryptosporidiosis species in paediatric patients in Malawi. Epidemiol Infect. 2007; 135(8):1307–
15. [PubMed: 17224087] 
64. Waldron LS, Dimeski B, Beggs PJ, Ferrari BC, Power ML. Molecular epidemiology, 
spatiotemporal analysis, and ecology of sporadic human cryptosporidiosis in Australia. Appl 
Environ Microbiol. 2011; 77(21):7757–65. [PubMed: 21908628] 
65. Agholi M, Hatam GR, Motazedian MH. HIV/AIDS-associated opportunistic protozoal diarrhea. 
AIDS Res Hum Retroviruses. 2013; 29(1):35–41. [PubMed: 22873400] 
66. Liu H, Shen Y, Yin J, Yuan Z, Jiang Y, Xu Y, Pan W, Hu Y, Cao J. Prevalence and genetic 
characterization of Cryptosporidium, Enterocytozoon, Giardia and Cyclospora in diarrheal 
outpatients in China. BMC Infect Dis. 2014; 14:25. [PubMed: 24410985] 
67. Ryan U, Fayer R, Xiao L. Cryptosporidium species in humans and animals: current understanding 
and research needs. Parasitology. 2014; 141:1667–85. [PubMed: 25111501] 
Hu et al. Page 12
Environ Sci Technol. Author manuscript; available in PMC 2018 January 29.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 1. 
Sampling sites in the upper Huangpu River in Shanghai, China.
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Figure 2. 
Spatial distribution of Cryptosporidium and Enterocytozoon bieneusi at different locations 
of the Huangpu River since the pig carcass disposal incident. The percentage of positive 
samples is shown on the y axis.
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Figure 3. 
Phylogenetic relationship of Enterocytozoon bieneusi genotypes identified in this study and 
other genotypes previously deposited in GenBank as inferred by a neighbor-joining analysis 
of ITS sequences based on genetic distances calculated by the Kimura 2-parameter model. 
Bootstrap values greater than 50% from 1000 replicates are shown on nodes. Genotypes 
with “△” are known genotypes found in raw water samples; the novel genotypes in this 
study are indicated by “▲”.
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